. This shows the need of a more accurate determination of this nuclear parameter. Although improving excitation energies, the inclusion of core-valence correlation limited to one hole in the 4d core subshell destroyed the theory-experiment agreement on the IS parameters.
Introduction
High-resolution spectroscopic measurements of isotope shifts (IS) of atomic spectral lines are carried out to test the hyperfine atomic structures, to deduce the changes in the nuclear meansquare charge radius, to give information on electron densities inside the nuclear volume and to estimate the balance between mass and volume contributions. These measurements can have a strong impact in nuclear physics. As a recent example, the optical laser technique has been used at ISOLDE (CERN) in order to measure the charge radii of radioactive isotopes 49, 51, 52 Ca resulting in unexpectedly large values for these neutron-rich calcium isotopes beyond the magic number 28 and challenging the doubly magic nature of 52 Ca [1] .
Antimony (Sb) , the element with Z = 51 of the Periodic Table, has only two stable isotopes, 121 Sb and 123 Sb, with natural abundances of 57.21% and 42.79% respectively. Besides these natural species, 36 radioactive isotopes are known with mass numbers A ranging from 103 to 140 and with corresponding half-lives spanning from 93 ms ( 139 Sb) to 2.7586 years ( 125 Sb) [2] . By contrast, the mean nuclear charge radius, r 2 1/2 , is known only for * Corresponding author.
E-mail address: patrick.palmeri@umons.ac.be (P. Palmeri). the two stable isotopes, i.e. 4.6802 ± 0.0026 fm for 121 Sb and 4 .6879 ± 0.0025 fm for 123 Sb [3] . The balance between the mass shift and field shift contributions depends on the nature of the electronic transition and on the considered isotope pair. For an intermediate Z element such as Sb I, both contributions can be relevant, rending precise calculations of IS challenging and their comparison with experiment interesting for extracting nuclear quantities.
Moreover, as far as the authors know, there are only two measurements of IS available in the literature [4, 5] . They both concern exclusively the stable 121, 123 Sb isotopes. The older one dates from the seventies by Buchholz et al. [4] who determined the IS of nine E1 transitions of 121,123 Sb I connecting the configurations 5s 2 5p 3 and 5s 2 5p 2 6s and estimated for the first time the change in mean-square nuclear charge radius between these two isotopes, δ r 2 123 , 121 ≡ ( r 2 1 / 2 123 ) 2 − ( r 2 1 / 2 121 ) 2 = 0 . 12 ± 0 . 04 fm 2 . The latter is almost a factor of two larger than the value deduced from the mean nuclear charge radii of both isotopes given in Angeli and Marinova's compilation [3] , i.e. 0.072 ± 0.048 fm 2 .
More recently, Sobolewski et al. [5] extended the available experimental IS data in neutral antimony by measuring eight lines belonging to the E1 transition arrays 5s 2 5p 3 − 5s 2 5p 2 6s , 5s 2 5p 2 6s − 5s 2 5p 2 6p and 5s 2 5p 2 6s − 5s 2 5p 2 7p . Large discrepancies have been found between the two sets of experimental IS for the three common lines at λ = 363 . measurements disagree with Buchholz et al. [4] for one common line 5s 2 5p 3 2 P o 3 / 2 − 5s 2 5p 2 6s 4 P 3 / 2 (NIST term designations [6] are used from here onward) at 363.8 nm by a factor 2 but were supported by their theoretical investigations. The latter were based on the use of the scaling law to estimate the transition normal mass shift (NMS) from the wavelength of the optical transition, and on theoretical estimations of the specific mass shift (SMS) and field shift (FS) contributions. The agreement between their experimental IS and their calculated IS was found to be rather satisfactory, except for the transition 5s 2 5p 2 6s 4 P 3 / 2 − 5s 2 5p 2 6p (1 , 3 / 2) o 5 / 2 at 1074.2 nm where a discrepancy factor ∼ 2 was observed. In Sobolewski et al. [5] , two different approaches were used. On one hand, the Vinti integrals involved in the SMS contribution were computed using the pseudo-relativistic Hartree-Fock (HFR) method of Cowan [7] without distinguishing radially the p 1/2 and p 3/2 electrons. On the other, the electron densities at the nucleus were obtained using the pseudo-relativistic Pennsylvania State University Hartree-Fock (PSUHFR) code [8] for the FS. In their approach, the change of the mean-square nuclear charge radius δ r 2 123,121
was not used explicitly thanks to an indirect normalisation procedure. The FS contributions were indeed determined for the different lines considered by rescaling charge electron density differences using the 372.3 nm transition as the reference line. For the latter, the FS factor was extracted from the observed residual IS combined with theoretical estimations of the SMS contribution.
In the present paper, following previous IS studies [9, 10] , we have used the fully relativistic multiconfiguration Dirac-HartreeFock (MCDHF) method [11] to calculate the IS electronic parameters, K RNMS , K RSMS and F , for 49 fine-structure levels belonging to the configurations 5s 2 5p 3 , 5s 2 5p 2 6s, 5s 2 5p 2 6p and 5s 2 5p 2 7p in Sb I. These parameters can be used to determine IS of the transitions involving these levels for any pair of Sb isotopes along with their different NMS, SMS and FS contributions or the corresponding changes in mean-square nuclear charge radius δ r 2 A,A .
In Section 2 , the computational model is detailed. Our results are presented and discussed in Section 3 and the conclusions are given in the last section.
Theoretical method and calculations
The MCDHF calculations have been carried out using the GRASP2K atomic structure package version 1 _ 1 [11] along with its isotope shift module RIS3 [12] . A description of the method is given below.
Isotope shifts
The frequency spectral transition ν ul connecting an upper level E u to a lower level E l is given by
It differs from one isotope of mass M to another of mass M by
and can be parameterized (with M > M ) [12] as
where ˜ K ul = ˜ K u −˜ K l refers to the mass-shift electronic parameter, F ul = F u − F l is the field-shift electronic factor and δ r 2 M,M ≡ r 2 M − r 2 M is the mean-square nuclear charge radius difference between the two isotopes. The relativistic mass-shift electronic parameter ˜ K RMS for a level is related to the expectation value of the relativistic recoil Hamiltonian, H RMS ,
or, in energy units,
where H RMS can be split into a one-body, the relativistic normal mass-shift (RNMS), operator and a two-body, the relativistic specific mass-shift (RSMS), operator [13] [14] [15] H RMS = H RNMS + H RSMS (7)
The field-shift (FS) electronic factor F ul is related to the change of the electronic total probability density,
, at the origin between the two levels involved in the transition [12] 
The total probability electron density at the origin is defined for a level by
The MCDHF approach
In the MCDHF method [11] , the atomic state function (ASF), , appearing in Eqs. (5) and (11) is represented by a linear combination of configuration state functions (CSFs), , with the same parity, , total angular momentum and total magnetic quantum numbers, J and M J , as
where { c i } are the mixing coefficient, γ i stands for all other quantum numbers needed to unambiguously specify the CSF built from one-electron spin-orbitals, φ n κm , of the form:
P n κ ( r ) and Q n κ ( r ) are, respectively, the large and the small radial components of the wave functions, and the angular functions χ κm ( θ , ϕ) are the spin or spherical harmonics [16] . The quantum number κ is given by:
where κ = −( j + 1 / 2) a, with a defined so that
The radial functions P n κ ( r ) and Q n κ ( r ) are numerically represented on a logarithmic grid and are required to be orthonormal within each κ symmetry. In the MCDHF variational procedure, the radial functions and the expansion coefficients c i are optimized to selfconsistency [17] . A spherical model, here a Fermi nucleus, has been chosen for the nuclear charge distribution
where ρ 0 is a normalisation constant, c the half-density of the nuclear charge distribution and d = t/ (4 ln (3) ) is related to the nuclear surface thickness t , with c computed according to Parpia and Mohanty [18] and t = 2 . 30 fm. The field shift electronic factors (10) have been estimated in the first-order perturbation approximation using the electron wave function calculated for the reference isotope A = 121 using the prescriptions of Nazé et al. [12] .
Computational strategy
The concept of the restricted active space (RAS) [19] method can be used for building MCDHF multiconfiguration expansions with a given orbital active set [17] . The CSF expansions defining the configuration space are produced by exciting the electrons from the reference configurations to a given set of orbitals. The rules adopted for generating the configuration space differ according to the correlation model used. Within a given correlation model, the active set of orbitals spanning the configuration space is increased in a systematic way to monitor the convergence of the total energies and the isotope shift electronic parameters.
Our calculations have been focused on the fine structure levels participating in the E1 transition arrays 5s 2 5p 3 − 5s 2 5p 2 6s , 5s 2 5p 2 6s − 5s 2 5p 2 6p and 5s 2 5p 2 6s − 5s 2 5p 2 7p in Sb i ( Z = 51 ).The reference isotope has been chosen to be the most abundant stable isotope with mass number A = 121 [20] . Two different models (A and B) have been considered in the present work.
Model A
The calculations of the MCDHF wave functions have been carried out in seven steps for each parity. For the odd parity levels, these steps were the following:
• Step 0: the core orbitals, i.e. 1s to 4d, along with the 5s, 5p, 6p and 7p orbitals, have been optimized. All the 43 CSFs belonging to the odd-parity interacting configurations 5s 2 5p 3 + 5s 2 5p 2 6p + 5s 2 5p 2 7p with symmetries J = 1 / 2 − 5 / 2 were retained in the configuration space. The energy functional was built within the framework of the average level (AL) option [16] . This option is most suitable for cases where all the eigenvalues of the hamiltonian are optimized at once. This is the case here as we want to obtain simultaneously all the 43 ASFs belonging to 5s 2 5p 3 + 5s 2 5p 2 6p + 5s 2 5p 2 7p J = 1 / 2 − 5 / 2 . • Step 1: the configuration space was increased to 17 744 CSFs by considering all the single and double electron excitations to the 4f, 5s, 5p, 5d, 5f, 5g, 6p and 7p orbitals from the active orbitals 5s, 5p, 6p and 7p of the reference configurations (5s 2 5p 3 + 5s 2 5p 2 6p + 5s 2 5p 2 7p) J = 1 / 2 − 5 / 2 . The 4f, 5d, 5f
and 5g orbitals have been optimized, fixing all the others to the ones of Step 0 using an energy functional built from the lowest 43 ASFs within the framework of the extended optimal level (EOL) option [16] .
• Steps 2-6: the configuration space has been extended to 58 101, 122 924, 228 665, 367 122 and 538 925 CSFs, respectively, using the same optimization procedure as described in Step 1, but adding single and double excitations to the {4f, n = 5 − 6 }, {4f, n = 5 − 7 h }, {4f, n = 5 − 8 h }, {4f, n = 5 − 9 h } and {4f, n = 5 − 10 h } orbital sets successively ( n h indicates that the maximum -value considered is max = 5 ).
Concerning the even parity levels, the seven computational steps are detailed below:
• Step 0: similarly to the odd parity, the core orbitals, i.e. 1s to 4d, along with the 5s, 5p and 6s orbitals, have been optimized. All the 6 CSFs belonging to the even-parity configuration 5s 2 5p 2 6s with symmetries J = 1 / 2 − 3 / 2 were retained in the configuration space. The energy functional was built within the framework of the average level (AL) option.
• Step 1: the configuration space was increased to 1 942 CSFs by considering all the single and double electron excitations to the 4f, 5s, 5p, 5d, 5f, 5g and 6s orbitals from the active orbitals 5s, 5p and 6s of the reference configurations (5s 2 5p 2 6s) J = 1 / 2 − 3 / 2 . The 4f, 5d, 5f and 5g orbitals have been optimized, fixing all the others to the values of Step 0 using an energy functional built from the lowest 6 ASFs within the framework of the extended optimal level (EOL) option.
• Steps 2-6: the configuration space has been extended to 7 732, 18 103, 32 878, 52 057 and 87 152 CSFs, respectively, using the same optimization procedure as described in Step 1, but adding single and double excitations to the {4f, n = 5 − 6 }, {4f, n = 5 − 7 h }, {4f, n = 5 − 8 h }, {4f, n = 5 − 9 h } and {4f, n = 5 − 10 h } orbital sets successively ( n h indicates that the maximumvalue considered is max = 5 ).
For the calculation of final IS between the two 123,121 Sb stable isotopes, the mean nuclear charge radii of both isotopes as given in the compilation of Angeli and Marinova [3] have been considered, corresponding to δ r 2 123 , 121 = 0 . 072 ± 0 . 048 fm 2 .
Model B
In order to investigate the effects of extending the reference configurations and opening the core subshells, a relativistic configuration interaction (RCI) calculation has been carried out where the orbitals were fixed to those of step 4 of our Model A described in the previous section, i.e. with an orbital set limited up to 8h.
First, the reference space of Model A was extended by considering all single and double electron substitutions from the subshells 5s and 5p to the set of orbitals {4f, 5s, 5p, 5d, 5f}. Those configurations that strongly interact with the spectroscopic configurations, i.e. (5s 2 5p 3 + 5s 2 5p 2 6p + 5s 2 5p 2 7p) J = 1 / 2 − 5 / 2 and (5s 2 5p 2 6s) J = 1 / 2 − 3 / 2 , i.e., those with an absolute value of the mixing coefficient greater than 0.1, were ultimately retained in the multi-reference.
More explicitly, they were ( 5p 5 + 5p 4 6p + 5p 4 7p+ 5s5p 2 5d6p + 5s5p 2 5d7p + 5s 2 5d 2 7p ) J = 1 / 2 , ( 5p 5 + 5p 4 6p+ 5p 4 7p + 5s5p 2 5d6p + 5s5p 2 5d7p + 5s 2 5d 2 6p + 5s 2 5d 2 7p ) J = 3 / 2 , (5s5p 2 5d6p + 5s5p 2 5d7p) J = 5 / 2 in the odd parity, and (5s5p 2 5d6s + 5s 2 5d 2 6s + 5p 4 6s)
in the even parity. The total sizes of the multi-reference were 69 CSFs in the odd parity and 12 CSFs in the even parity. Second, the configuration spaces were expanded from the above-mentioned multi-reference by including single and double excitations to unoccupied orbitals up to 8h where the active set of orbitals was {4d, 4f, 5s, 5p, 5d, 5f, 5g, 6s, 6p, 6d, 6f, 6g, 6h, 7s, 7p, 7d, 7f, 7g, 7h, 8s, 8p, 8d, 8f, 8g, 8h} and with the restriction of maximum one hole in the 4d core orbital. The latter restriction ensures the inclusion of some core-valence correlation limited to the opening of the 4d core subshell. These excitations generated 1 946 916 CSFs in the odd parity and 295,219 CSFs in the even parity. The configuration space was then reduced in order to render the RCI calculation feasible by keeping the CSFs that directly interact with at least one of the 81 multi-reference CSFs [24] . This led to 581,258 CSFs in the odd parity and 98,548 CSFs in the even parity.
Finally, the same mean radii as those used in Model A have been considered for the calculation of the final IS between the two 123,121 Sb stable isotopes.
Results and discussion
In Table 1 , the electronic isotope shift parameters are presented for all the known fine-structure levels belonging to the odd (5p 3 + 5p 2 6p + 5p 2 7p) J = 1 / 2 − 5 / 2 and even 5p 2 6s J = 1 / 2 − 3 / 2 configurations along with their corresponding calculated and experimental energies taken from Hassini et al. [25] as reported in the NIST database [6] . The average deviations of our ab initio MCDHF level energies with respect to the experimental values of Hassini et al. [25] are 1656 cm −1 and 407 cm −1 for Model A and Model B, respectively, showing an important improvement of the level energies when extending the reference configurations and considering some core-valence correlation by opening the ionic core.
Concerning the level isotope shift parameters shown in this table, one can observe the large dominance of the normal mass shift contribution over the specific mass shift by a factor of about 3, with opposite signs for these two mass contributions. Also, one notices differences between the results of Model A and Model B. These electronic parameters can be used to derive the isotope shifts of any transitions between these levels of any Sb I isotope pairs via Eq. (4) .
In what follows, we will focus on the E1 transitions measured by Sobolewski et al. [5] and Buchholz et al. [4] . The MCDHF electronic parameters along with the corresponding isotope shifts (IS) between the 123 Sb and 121 Sb stable isotopes are given in Table 2 and are compared with the experimental values [4, 5] for these lines. One can see that our Model A IS values are supported by the measurements of Sobolewski et al. [5] , within their uncertainties for most of the lines. Except for the transition 5p 3 2 P o 1 / 2 − 5p 2 ( 3 P)6s 4 P 1 / 2 at λ = 372.3 nm, striking differences (a factor of two or more) are seen between the experimental values of Buchholz et al. [4] and those of our Model A.
Nonetheless, due to the large uncertainty affecting δ r 2 123,121 , i.e. ± 0.048 fm 2 [3] which represents a relative error of more than 50%, one cannot reject the former measurements. For instance, taking account this uncertainty, our Model A total IS would range from 125 MHz to 401 MHz for the transition 5p 3 2 D o 5 / 2 − 5p 2 ( 3 P)6s 4 P 3 / 2 at λ = 277.0 nm, to be compared with 96 ± 60 MHz of Buchholz et al. [4] . This illustrates the need of a more precise determination of the change in mean-square nuclear charge radius between these two isotopes.
By contrast, our Model B IS values are completely off of measurements by Sobolewski et al. [5] and of most of the experimental values by Buchholz et al. [4] , in some occurrences by factors of one order of magnitude. This is the consequence of significant differences between the isotope shift parameters calculated with our two models with corresponding factors and order of magnitude variations, due to the incomplete inclusion of electron correlation contributions involving the core. The relatively small discords between our Model A IS and the experimental values of Sobolewski et al.most likely reveal the large cancellation between the limited core-valence correlation effects introduced through Model B and the remaining omitted correlation contributions.
At this point, one should bear in mind that the multireference space is quite limited and that the [Kr] core is kept closed to keep the size of the CSF expansions manageable in Model B. Unfortunately, both contributions were not dissociated in our analysis. The fact that the excitation energies have improved when going from Model A to Model B while the IS electronic parameters are deteriorated reveals that the considered correlation excitations affect differently the energy and the expectation values, with their differences, of the relevant mass and field shift operators. A similar situation has been met recently in Al I [26] where extended correlation (there the addition of core-core interactions) has improved the transition energies but has deteriorated the electronic isotope shift factors in contrast to a previous study in Mg I [27] . It is hard to have a good estimation of the relative importance of the different types of correlation on the electronic IS parameters from the previous analysis [26, 27] . In fact, these studies all started from an VV calculation that accounted for a fair but still limited amount of VV correlation. It would be worthwhile to investigate the impact of the different nature of the FS and mass shift contributions that originate, respectively, from one-and two-body operators, as a function of the excitations considered beyond the mono-or multireference Dirac-Hartree-Fock model. Such an analysis cannot be done easily with the presently available multiconfiguration codes and is beyond the scope of the present work. Opening the 4d subshell in Model B is justified by its closeness to the valence shells but opening the 4s shell would be for example also needed for getting a better description of the change in electron density conditioning the FS. The present calculations are therefore undoubtedly incomplete while complete ones remain out of reach due to the complexity of a five valence electron atomic structure. Concerning our model that produces the best results, i.e. Model A, the normal mass shift and specific mass shift parameters are relatively close to each other in absolute value but having opposite signs, they cancel each other, leading to the dominance of the field-shift effects over the total mass shift for most of the lines. In addition, the line field-shift factor changes sign, depending if the 5p 2 6s configuration is the upper or the lower configuration of the considered transition. The FS factor is indeed proportional to the change of the electron densities at the nucleus (see Eqs. (10) and (11) ), and this density is definitely larger for the s orbitals than for the p ones.
Examples of convergence of the line IS electronic parameters are given in Figs. 1-3 for the three different types of transitions considered in this analysis, i.e. 5p 3 − 5p 2 6s , 5p 2 6s − 5p 2 6p and 5p 2 6s − 5p 2 7p respectively. One can see in each figure that a reasonable convergence has been achieved in the last three steps of our calculations although some residual oscillations are observed for the mass shift parameters.
The so-called 'scaling law', where the normal mass shift is proportional to the line frequency in the non-relativistic limit [21, 22] , has been used by Sobolewski et al. [5] to interpret their IS mea- Table 1 Experimental level energies, E exp , MCDHF level energies, E cal , level normal mass shift parameter, ˜ K RNMS , level specific mass shift parameter, ˜ K RSMS , and level field-shift electronic factor, F , for the experimental fine-structure levels belonging to the odd (5p 3 + 5p 2 6p + 5p 2 7p) J = 1/2 − 5/2 and even 5p 2 6s J = 1/2 − 3/2 configurations in Sb I considered in this work. [4] . ( e ) Emission spectroscopy experiment by Sobolewski et al. [5] .
Table 3
Higher-order relativistic contributions to the normal mass shift (NMS) parameter as computed for the E1 transitions measured by Sobolewski et al. [5] in Sb I.
˜ K
RNMS

and ˜ K (2+3)
RNMS are respectively related to the first term and to the sum of the second and third terms of the recoil NMS hamiltonian (see Eq. (8) ). surements for the normal mass shift (NMS) contribution. In Fig. 4 , a plot of our MCDHF RNMS as calculated between the two stable 123,121 Sb isotopes as function of the line frequency is presented for the E1 transitions measured by Sobolewski et al. [5] . These values are compared to the scaling law. The latter is clearly broken down for this intermediate Z element ( Z = 51 ). Higher-order relativistic contributions, ˜ K
RNMS
, to the total RNMS parameter are shown in Table 3 for these lines where one can see that these contributions are far from being negligible. In addition, one also notice from this table that the term ˜ K , along with the corresponding IS electronic parameters are given in Table 4 for the strongest Sb I E1 transitions as classified as {5p 3 + 5p 2 6p + 5p 2 7p} J = 1/2 − 5/2 − 5p 2 6s J = 1/2 − 3/2 in the NIST database [6] and not reported in Table 2 . These complete the latter table and provide IS predictions and electronic parameters that will be relevant for both future atomic and nuclear physics investigations. Table 3 ) have been selected in this figure.
Conclusions
The fully relativistic electronic isotope shift parameters have been computed using the MCDHF ab initio method limited to valence correlation for the fine-structure levels belonging to the even 5p 2 6s J = 1/2 − 3/2 and odd {5p 3 + 5p 2 6p + 5p 2 7p} J = 1/2 − 5/2 configurations of Sb I and for E1 transitions connecting both parities. These were used to determine the IS between the two stable 123,121 Sb isotopes for the E1 lines measured by Sobolewski et al. [5] and by Buchholz et al. [4] . They support the recent experimental values [5] . Although striking differences are seen with the older measurements [4] , the large uncertainty affecting the change in mean-square nuclear charge radius between the two stable isotopes [3] does not allow to reject these experimental values. This illustrates the need of a more accurate determination of this nuclear parameter. Ab initio IS predictions are proposed for other 31 strong E1 transitions classified in the NIST database [6] . This new data set will be relevant for future studies in bothatomic and nuclear physics.
Adding more valence correlation by extending the multireference function and considering one hole in the 4d subshell to take into account of some core-polarization improves systematically the excitation energies. More elaborate models involving excitations deeper in the core are needed to getIS parameters consistent with observation. Unfortunately the current status of GRASP2K [11] does not allow us to perform such calculations. The use of the partitioned correlation function interaction (PCFI) approach [28] may solve the problem of obtaining a converged MCDHF model beyond valence-valence correlation in Sb I. Tools for investigating the specific contributions from every excitation class would be welcome.
